The current river management policy in the Netherlands is to give rivers more space, mainly by main channel widening and floodplain lowering. The aim is to reduce flood water levels and to create more favourable conditions for river ecology. However, the effect on water levels gradually disappears due to sedimentation and vegetation growth on floodplains. The key questions are how effective these measures are and how long the desired effect remains. A two-dimensional, depthaveraged, morphological model was applied to the Meers pilot project on the Common Meuse River. The project consisted of channel widening by floodplain excavation, carried out over a short reach. Spatially varying floodplain vegetation was included. The results showed that the pilot project would be effective in lowering local water levels during a period of 20 years for floods having a return period of 1-4 years but not for floods having a return period of 100 years. In the latter case, water levels would be dominated by a restriction in floodplain width, causing backwater effects. Floodplain vegetation was found to shorten the lifetime of the project by enhancing sedimentation. 
The current river management policy in the Netherlands is to give rivers more space, mainly by main channel widening and floodplain lowering. The aim is to reduce flood water levels and to create more favourable conditions for river ecology. However, the effect on water levels gradually disappears due to sedimentation and vegetation growth on floodplains. The key questions are how effective these measures are and how long the desired effect remains. A two-dimensional, depthaveraged, morphological model was applied to the Meers pilot project on the Common Meuse River. The project consisted of channel widening by floodplain excavation, carried out over a short reach. Spatially varying floodplain vegetation was included. The results showed that the pilot project would be effective in lowering local water levels during a period of 20 years for floods having a return period of 1-4 years but not for floods having a return period of 100 years. In the latter case, water levels would be dominated by a restriction in floodplain width, causing backwater effects. Floodplain vegetation was found to shorten the lifetime of the project by enhancing sedimentation. 1. INTRODUCTION For many rivers in Europe floods might be more severe in the future, due to climate change and changes in land use, whereas flood protection cannot be achieved by continuous raising of dykes. Therefore, new trends in river management aim at lowering flood levels by allowing more space to the river. This, together with the need to restore lost riverine ecosystems, results in river restoration projects that allow for some natural processes, such as controlled sedimentation and erosion (Baptist, 2005) . The new strategies for river restoration and flood management comprise river widening, the lowering of floodplains and excavation of secondary channels.
Recent restoration projects in the Netherlands show a successful increase of fluvial biodiversity (e.g. Buijse et al., 2002; Raat, 2001 ), but there is increasing concern over floodplain vegetation growth and its effects on the flood conveyance of the river.
Floodplain vegetation depends on the river hydraulic regime and dynamics, such as the frequency of floods and the formation of new sediment deposits (e.g. Franz and Bazzaz, 1977; Hupp and Osterkamp, 1996; Johnson, 1998; Merritt and Cooper, 2000) . In turn, floodplain vegetation influences the river morphodynamic trends, by locally increasing the resistance to the flow while also reducing soil erodibility (e.g. Carollo et al., 2002; Corenblit et al., 2007; Thorne, 1990; Tsujimoto, 1999) . As a consequence, due to floodplain vegetation the flood levels increase and the flow velocities decrease on the floodplains, but increase in the main river channel. Due to vegetation growth and morphological processes, such as sedimentation and erosion, the positive effects of river restoration works gradually vanish and, for this reason, restored rivers may require regular maintenance (Brookes, 1990) . In order to assess the effectiveness and duration of restoration works it is therefore necessary to study the long-term morphological evolution of the river, taking into account the effects of floodplain vegetation.
In the present study the effectiveness of the restoration works carried out on the gravel-bed Common Meuse River at Meers (the Netherlands) in the short and long term was investigated. A two-dimensional (2D) depth-averaged morphological model taking into account the effects of spatially-variable vegetation and bank erosion was used, incorporating a graded-sediment approach, with sand to gravel in the main channel and medium silt on the floodplains. The effects of vegetation on hydraulic roughness were taken into account using the method proposed by Baptist (2005) , which distinguishes between soil and plant resistance and between fully and partially submerged vegetation. The effects of vegetation on soil resistance were simulated by adapting the critical shear stress for erosion and the erosion speed of the floodplain soil. For the sake of simplicity, plant succession (e.g. Elgersma, 1998) was not taken into account.
CASE STUDY
The Common Meuse is part of the middle course of the River Meuse, between Maastricht and Stevensweert (south-west Netherlands). This river reach is 45 km long and constitutes the natural border between the Netherlands and Belgium (Figure 1 ). The Common Meuse River is the only gravel-bed river in the Netherlands and for this reason its bed has often been excavated in the past to provide material for construction. Unfortunately no records of the extracted volumes are available.
Major flood events have occurred in the last two decades and indicate an important variation in the river regime, which is possibly due to changes of soil use in the catchment area and to climatic changes. The floods, which occurred in 1993 and 1995, caused considerable social and economic damage and led to the development of a new river management strategy with the aim of protecting the inhabitants against floods and simultaneously increasing the ecological value of the river (Olsthoorn and Tol, 2001 ). This new strategy resulted in the Common Meuse project, consisting of main channel widening and deepening as well as floodplain lowering (Figure 2 ) at given locations, to increase both the conveyance capacity of the river during floods and the potential for the development of a natural ecological environment (Klaassen et al., 1998) .
The Common Meuse project includes some pilot studies, such as the Meers pilot project, which was carried out in 2002 near the village of Meers (Figure 3 ). This pilot project mainly consisted of widening of the local main channel by lowering the right river floodplain in the part adjacent to the main river channel. The total volume of extracted sediment was 435 000 m 3 .
At Meers, the river has a meandering planform. The main channel is characterised by the presence of alternate bars, point bars and, occasionally, central bars, and the floodplain vegetation varies from grass to trees (Figure 4 ). The river bed is armoured most of the time. The armour layer, which consists of gravel with diameters between 10 and 100 mm (Sharef, 2006) , is mobilised by a flow discharge of 1250 m 3 /s, which corresponds to the bankfull discharge. The discharge Table 1 and the main characteristics of the river in the study area are listed in Table 2 . This paper deals with the assessment of the short-and longterm effects of the Meers pilot project over a 14 km long river reach, focusing on the main river channel, with the aim of deriving some guidelines for the extension of the work to the entire Common Meuse project.
MATERIALS AND METHODS

Model description
The long-term morphological trends of the river in the study area were analysed by means of a fully non-linear, timedependent, physics-based morphological model. In this model, the three-dimensional Navier-Stokes equations for incompressible fluid and shallow water (Lesser et al., 2004) are coupled to the balance and transport equations for sediment, all designed for curved channels. The computations were carried out using a 2D depth-averaged version of the model with an appropriate parameterisation of relevant 3D effects. In this case, the model accounts for two effects of the spiral motion that arises in curved flow (e.g. Blanckaert et al., 2002) . First, the model corrects the direction of sediment transport through a modification in the direction of the bed shear stress, which would otherwise coincide with the direction of the flow velocity vector. Second, the model includes the effects of the transverse flow convection, causing transverse redistribution of main flow velocity, through a correction in the bed friction term. The model accounts for the effects of longitudinal and transverse bed slopes on bed load direction (Bagnold, 1966; Ikeda, 1982; Struiksma et al., 1985) . The closure scheme for turbulence is a k-å model, in which k is the turbulent kinetic energy and å is the turbulent dissipation.
The model allows for separate sediment transport calculations for different sediment sizes, with one mixing layer. Bank erosion is simulated in a simplified way: the model assigns a part of the erosion occurring inside the wet cells that are located at the margin of the water flow to their adjacent dry cells, which then become wet (van der Wegen et al., 2008) . In physical terms, this means relating bank erosion to the erosion at the toe of the bank. This bank erosion formulation allows the imposition of a constant bank slope to the entire model domain by adjusting the value of a coefficient. The effects of vegetation on hydraulic roughness were obtained by applying the method developed by Baptist (2005) . This method separates the bed shear stress from the shear stress of vegetation and distinguishes between fully and partially submerged vegetation. Plants are schematised as thin, vertical rigid cylinders with given density, height, diameter and the resistance force is modelled opposite to the drag force on a random or staggered array of cylinders with uniform properties. The method also assumes that the flow velocity through the plants is uniformly distributed, which is only valid for high vegetation density. The model is based on the following relation in which r is the mass density of water (kg/m 3 ); g is the acceleration due to gravity (m/s 2 ); h is the water depth (m); i is the longitudinal water surface slope (-); ô b is the bed shear stress (N/m 2 ); and ô v is the shear stress caused by vegetation (N/m 2 ).
In case of uniform flow through partially submerged vegetation, the water depth is smaller than the height of plants and the flow velocity through the plants coincides with the reach-averaged velocity. In this case For partially submerged vegetation the flow can be described by the following Chézy relation
in which C r is the Chézy coefficient (m 1=2 /s) that is representative for the resistance to the flow through partially submerged vegetation, which, by combining Equations 2 and 3 and taking into account that u c ¼ u, is given by
For fully submerged vegetation the water depth is larger than the height of plants. In this case it is assumed that the flow velocity is uniform between the plants but has a logarithmic profile above them, starting from the value u c , which is given by
in which k is the height of plants (m).
For fully submerged vegetation
For the total flow, that is, the flow through vegetation plus the flow over fully submerged vegetation
In Equation 10, the first term on the right-hand side equals the representative roughness for partially submerged vegetation if h ¼ k. The value of C rs is larger than the value of C r , which means that fully submerged vegetation offers smaller resistance to the flow than partially submerged vegetation, which is according to expectations.
Coarse sediment transport is computed using a chosen transport capacity formula, in which, in general, the sediment transport rate is determined as a function of ô b . (Corenblit et al., 2007) .
The entrainment speed of fine cohesive sediment per unit of bed surface is determined using the formula (Partheniades, 1965 )
in which E is the bed erosion rate in kg/m 3 per s, M is the erosion coefficient in kg/m 2 per s and ô bc is the critical bed shear stress for erosion.
The sedimentation rate of fine material is determined as the near-bed concentration multiplied by the fall velocity.
Model set-up
The modelled area is shown in Figure 5 . The sediment on the main river channel bed was subdivided into five sediment fractions, from sand to gravel (Sharef, 2006) , whereas the soil of the river floodplains was medium silt, which was treated as cohesive. The adopted sediment characteristics are listed in Table 3 . In the main (gravel-bed) channel, the sediment transport capacity was computed using the Meyer-Peter and Mü ller (1948) formula. The sediment transport on the floodplains (silt) was described by the van Rijn (1993) formula. Here, the reduction of soil erodibility by vegetation was obtained by increasing the critical shear stress for erosion and decreasing the soil erosion coefficient weighting the erosion speed. The critical shear stress, ô bc , for bare soil was 0 . 5 Pa; and for soil between plants 1 . 5 Pa. The erosion coefficient, M, was 6 3 10 À4 and 4 3 10 À4 kg/m 2 per s, respectively. These values were chosen on the basis of previous experience.
For the runs in which the floodplains were assumed to be covered by vegetation, the computation of the hydraulic resistance was based on the spatial distribution of floodplain vegetation measured in 2007. Due to lack of data on vegetation growth and succession in the area, the vegetation characteristics were assumed to remain constant with time, in particular vegetation was not assumed to grow in the excavated area. This is not far from reality, since this area is often inundated with a relatively high flow velocity and has a gravel bed, with the result that only sparse pioneer plants can grow on it. The computed effects of floodplain vegetation on future water levels are affected by these simplifications. This means that the results only provide an indication of their order of magnitude. Table 4 lists the characteristics of the vegetation types used in the model. Vegetation cover was imposed on the entire study reach assuming its characteristics in 2007.
To assess the future long-term morphological trends, the discharge regime was simplified into a 'typical hydrological year'. This was derived from the time series of daily discharge measured at Borgharen (Figure 1 ) in the period 1911-2006. The morphological computations included only the discharges that can either mobilise the armour layer protecting the main channel bed or produce overbank flow, namely those discharges that were larger than about 1000 m 3 /s. Based on the duration curve, discharges greater than 1000 m 3 /s were only present during 10 days per year on average. The highest value of recorded discharge is 3000 m 3 /s. In the model, this value was assumed to have a duration of 1 day per year, which corresponds to the situation of the last 15 years. The choice is justified by the recent increase in peak discharges, which is mainly due to changes in soil use in the upper catchment (Pfister et al., 2004) , as the model was used to predict the next 20 years. As time series data of water levels and discharges were not available, the model was calibrated by comparison with the results of another well-calibrated hydrodynamic model (Sharef, 2006) based on the prediction of water levels during single flood events and by the comparison between results and observed flow characteristics at bankfull discharge (Klaassen, 1981) . This calibration concerned the value of the Chézy coefficient, weighing the bed roughness. Several runs were carried out to optimise the time step, based on the accuracy of the results. The final value of the Chézy coefficient was 45 m 1=2 /s and the time step was 12 s. As the computational grid is curvilinear, the size of the grid cells was variable with space. Table 5 (Figure 4) . Furthermore, the model predicted patterns of erosion and sedimentation that were qualitatively similar to the observed ones (Villada Arroyave, 2008) . If quantitative historical data on bed level changes are missing, as in this case, the results can only be interpreted in a qualitative way, based on 'orders of magnitude'.
The model was finally used to predict the following aspects. Figure 6 ). This allowed the effects of floodplain vegetation and of the Meers pilot project on the river morphological change to be studied. Using the computed river topographies, the model was used also to assess the water levels at different values of the discharges in different years. 
Effects of the Meers pilot project on water levels
The effects of the pilot project on water levels were derived for a flood characterised by a discharge of 3000 m 3 /s, having a return period of 100 years, and for a flood characterised by a discharge of 1680 m 3 /s, having return period of 1 to 3 . 5 years (medium flood). show that the execution of the pilot project led to local decreases as well as local increases of water levels that are not larger than 10 cm, so that the reach-averaged effect of the project on water levels is negligible. Water slopes vary due to strong variations in bed level (Figure 7) . A similar trend was observable for the situation in 2027.
The project does not appear effective in reducing water levels at high floods. The floodplain restriction (bottleneck) located a short distance downstream of the restored area ( Figure 5 ) produces important backwater effects. The average water level increase in the pilot project area due to the downstream bottleneck was quantified as 0 . 5 m by running the hypothetical case in which the bottleneck is removed by floodplain widening and removal of internal dykes. Figure 8 shows the computed water levels in 2007 and 2027 in the two cases WP and WOP for a discharge of 1680 m 3 /s (medium flood). In this case the computations also used the computed 2007 and 2027 river topographies and assumed vegetated floodplains. For this value of the discharge, the Meers pilot project lowers the water levels by about 30 cm on average in both 2007 and 2027. In this case the backwater effects created by the downstream floodplain restriction are smaller. Therefore, the pilot project is more effective in reducing medium flood levels than high flood levels.
In general, for all cases the water and bed levels became lower with time over the period simulated. This was due to progressive bed degradation (about 10 cm in 20 years), which can be attributed to the extraction of sediment that was carried out for the execution of the Meers pilot project.
Effects of floodplain vegetation on water levels
The effects of floodplain vegetation on water levels were derived for both the high-flood discharge of 3000 m 3 /s and for the medium-flood discharge of 1680 m 3 /s. The results show that in the first 10 years the morphological changes are larger than in the second 10 years. Accumulation of material takes place in the excavated area and along the inner bends, upstream and downstream of the restored area. Erosion occurs at the outer bends. Erosion dominates the main river channel immediately downstream of the excavated area. This type of behaviour can be explained by some simple theoretical considerations. The Meers pilot project mainly consisted in deepening the right-side floodplain close to the river main channel, which can be regarded as local widening, since the main channel width increased from 80 to 230 m, approximately (Figure 12 ). Considering that the bed material is constituted by loose sand and gravel, we can assume that for discharges larger or equal to 1000 m 3 /s locally the sediment transport is equal to the sediment transport capacity. This is in turn a function of flow velocity. Shortly after the execution of the project, namely before the river reaches a new stable configuration, the water flow slightly accelerates just upstream of the widened part, which results in local bed erosion. The flow suddenly decelerates at the location of the intervention, due to abrupt widening, which causes sedimentation. In the widened part the flow slightly decelerates further, which causes even more sedimentation. Finally, at the downstream end of the intervention the water flow suddenly accelerates, because the river returns to its natural width, which causes local bed erosion. Due to local deposition, in the widened area the river gradually returns to a configuration that is close to its initial state, reducing the effects of the restoration and creating the need for a maintenance programme.
Figures 13 and 14 show the bed level changes of the river cross-section at the location of the project computed for the period 2007-2027, without and with floodplain vegetation, respectively. At the right river side it is possible to recognise the excavated floodplain next to the main river channel (deepest area). Deposition in the excavated area evolves in the form of a sedimentation wave propagating outwards.
For the case with floodplain vegetation, the volume of material accumulated inside the excavated area at the end of the period is about 87 000 m 3 , which represents 20% of the total excavated volume (435 000 m 3 ). Without floodplain vegetation the volume of accumulated material is about 66 000 m 3 , which represents 15% of the total excavated volume.
Main channel bed degradation takes place in both cases. Without vegetation the bed level decreases on average by about 10 cm, with vegetation by 20 cm. The enhanced bed degradation is due to the fact that vegetation concentrates the flow in the main channel, which increases the erosive power of the flow.
DISCUSSION
Lack of historical data, in particular on river bed topography, impeded thorough verification of the morphological model, which is a classic problem in river engineering. In this case, the results should be interpreted with care, with a qualitative rather The investigations were restricted to the effects of the pilot project, carried out over a short reach, on water levels. It could be worth investigating whether carrying out this type of intervention over a longer reach would be more effective in lowering the water levels at high floods and whether this could be an alternative to removing a downstream bottleneck.
Various aspects of vegetation management, such as the optimal frequency of plant cutting, can be studied only if growth and succession of vegetation are taken into account and properly modelled. This was not done in the present study. Nevertheless, the results show the need for floodplain vegetation management in the study area.
CONCLUSIONS
The Meers pilot project is effective in lowering the local water levels (À30 cm) at medium floods, characterised by a return period of 1 to 4 years for at least 20 years, but not at high floods, having a return period of about 100 years. For high floods, backwater effects caused by a downstream floodplain restriction, acting as a bottleneck, dominate the river water levels. Removal of this bottleneck, either by locally enlarging the floodplains or by channel deepening, therefore appears more effective in reducing flooding risk in the area than interventions such as lowering of floodplains carried out over a short reach and where floodplains are large already.
Floodplain vegetation was found to significantly increase the water levels during floods if compared with the hypothetical case of bare floodplains. In the specific case of the pilot project, the effects of vegetation in increasing water levels (+0 . 7 m for medium floods and +0 . 8 m for high floods) is larger Table 5 : L, left river side: R, right river side; the figure shows also the bed levels and the computational grid cells than the lowering effects of the restoration project. This means that the effects of the pilot project may soon vanish if vegetation is allowed to grow uncontrolled on floodplains.
Both sedimentation and vegetation development on floodplains are known to limit the lifetime of this type of project, in which flood risk reduction has the priority. We found the combination of the two developments to have stronger effects than the effects of sedimentation and vegetation alone, because floodplain vegetation enhanced the sedimentation in the excavation pit. Even in this river of low sediment transport, the vegetation-induced sedimentation shortened the project lifetime by approximately 5%.
In all the simulated cases the results show general long-term river bed degradation upstream and downstream of the pilot project. This can be attributed to the extraction of sediment that is related to the intervention, since the excavated volume was about eight times the yearly sediment transport of the river. Without floodplain vegetation the averaged main channel bed degradation was found to be about 10 cm; with vegetation 20 cm. The enhanced bed degradation is due to the fact that vegetation concentrates the flow in the main channel, which increases the erosive power of the flow. The effects of the removal of sediment from the river system should also be estimated before undertaking this type of project and could have a larger influence still when such restorations are carried out on longer reaches. 
